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SUMMARY 

The effects of diffuser dynamics (for supercritical diffuser oper- 
ation) and controlled engine dynamics on the diffuser control require- 
ments of a supersonic turbojet engine were studied with the aid of an 
electronic analog. The investigation indicated that a pressure disturb- 
ance in the diffuser had only a small effect on engine speed, whereas a 
disturbance in engine speed had a large effect on diffuser pressure and 
could impose severe requirements on diffuser control response. 

The controlled diffuser response was found to be a function only of 
the diffuser and diffuser control dynamics (independent of the engine 
response). When measured by its ability to attenuate a pressure disturb- 
ance resulting from a change in engine speed setting, the controlled dif- 
fuser response improved with faster servomotor response, smaller diffuser 
dead times, and smaller diffuser lags. The effect of diffuser dead time 
on diffuser response was greater than the effect of diffuser lag. 


INTRODUCTION 

When considered as an individual component, a supersonic inlet dif- 
fuser or a turbojet engine has Independent air-flow characteristics. A 
combination of the engine and supersonic diffuser is therefore based on, 
the matching of the air-flow characteristics, usually in such a manner 
that diffuser recovery is near maximum (and its drag near minimum) at or 
near the design flight Mach number. However, operation at other than de- 
sign conditions requires a variable-geometry diffuser in order that effi- 
cient diffuser operation be maintained at the air -flow requirements set 
by the engine. 

Variable diffuser geometry, such as obtainable by means of an ad- 
justable spike or a variable bypass, requires some form of a diffuser 
control. It is the purpose of this report to indicate some of the re- 
sponse requirements imposed upon a diffuser control by virtue of diffuser 
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dynamics and controlled turbojet -engine dynamics. A shock-position con- 
trol operating a variable diffuser bypass was selected for investigation. 
Data for this investigation were obtained by simulating a controlled 
supersonic turbojet engine (the combination of the supersonic diffuser 
and the turbojet engine) on an electronic analog and by subjecting the 
system to step disturbances in engine speed settings and in diffuser 
shock position (pressure) settings. 
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SYMBOLS 


area 

bleed area (bypass door) 
constant for choked flow 
function 


gain 

constants 
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slope 
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Va 


W b -y/T 

AP 


engine speed 

total pressure at diffuser exit 
static pressure at diffuser exit 
ambient static pressure 
Laplace operator 

total temperature at diffuser exit 
dead time 

air flow, through diffuser bypass door 
engine air flow 
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Vf engine fuel flow 

X ratio of specific heats 

5 ratio of compressor-inlet (diffuser-exit) total pressure to NACA 

standard sea -level pressure 

9 ratio of compressor- inlet (diffuser-exit) total temperature to 

NACA standard sea -level temperature 

t time constant 

integrator time constant, diffuser control 
T ie integrator time constant, engine control 

servomotor natural frequency 

Subscripts: 
d diffuser 

e engine 

s servomotor 


ANALOG SIMULATION OF SUPERSONIC TURBOJET 

The supersonic turbojet engine considered in this analog investiga- 
tion was assumed to consist of a representative turbojet engine with 
control of engine speed, cascaded with a supersonic diffuser in which 
the desired shock location was maintained by control action on a bypass 
door (fig. l) . It was assumed that diffuser operation was supercritical 
at all t imes . 


Simulation of Turbojet Engine and Control 

A block ' diagram of the analog simulation of the controlled turbojet 
engine is shown in figure 2. The turbojet engine was assumed to be anal- 
ogous to a simple first-order lag with respect to the response of engine 
speed to a change in fuel flow. The engine control was assumed to be a 
speed - fuel-flow control in which any speed deviation from the speed 
setting would result in proportional -plus-integral action on the fuel 
flow. A loop gain of 5 to 8 was selected as being representative of 
optimum gain for a controlled turbojet engine (refs. 1 and 2). Loop 
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gain, as referred to in this report, is defined as the product of the 
frequency invariant parts of the gain terms within a given closed-loop 
system. 


Simulation of Supersonic Diffuser and Diffuser Control 

The supersonic diffuser was assumed to have a shock-position con- 
trol in which the sharp rise in static pressure, as the shock moves 
across a preselected pressure tap, was used to provide an actuating sig- 
nal for operation of a bypass door near the diffuser exit (ref. 3). The 
bypass door was assumed to be operated by a second-order servomotor, the 
input of which was determined from proportional -plus -integral action on 
the pressure error. The dynamics of the diffuser (response of control 
pressure to door position) were assumed to consist of a lag in series 
with a dead time. These dynamic characteristics are inferred from the 
dead time and lead-lag characteristics of a supercritically operated 
ram-jet engine (refs. 4 and 5) in which the lead term may be attributed 
to combustion, thereby leaving a cascaded dead time and lag as represent- 
ative of the diffuser. The lag may be likened to the filling time of 
the diffuser, and the dead time is equivalent to the time required for 
a pressure wave to travel upstream from the point of disturbance to the 
control pressure tap. 

In the analog simulation it was convenient, and not necessarily un- 
realistic, to set the dead time equal to the time constant of the lag. 

The analog hookup for the simulation of combined dead time and lag is 
shown in figure 3, and the response of this simulation to a step input 
is shown in figure 4. 

The simulation of the controlled diffuser is shown in figure 5. 

The diffuser gain and bypass -door gain were limped into the control 
gain, so that the control gain multiplied by the second-order servomotor 
gain (0.4l) represents the loop gain of the controlled diffuser system. 


S imula tion of Complete Supersonic Turbojet Engine 

In order to cascade the supersonic diffuser with the turbojet en- 
gine, it is necessary to know how changes in diffuser -exit pressure af- 
fect the engine speed and, in turn, how changes in engine speed affect 
the diffuser pressure. For evaluation of these effects, a flight con- 
dition of 50,000 feet altitude and a flight Mach number of 1.8 was as- 
sumed. At design conditions it was assumed that the bypass door would 
bleed off an amount of air equal to 5 percent of the engine air flow. 
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Effect of diffuser-exit pressure on engine speed . - The engine 
speed is a function of two variables, diffuser-exit total, pressure P 
and engine fuel flow Wj. (for constant altitude and flight Mach number) . 


It is desired to find the effect on engine speed of one of these vari- 
ables (p) with the other variable maintained constant. The effect of 


diffuser-exit pressure 
The partial derivative 


P on engine speed 
dN’ 

|w f 


N is represented by 
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can be obtained from the slope of the re- 


lation of engine fuel -flow and speed for the desired conditions of oper- 
ation, as indicated in sketch (a): 


Constant altitude 
Constant flight Mach number 
Constant exhaust area 
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and, at constant w^., 


- w fP 0 


dP = l dN 


Therefore, 
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( 1 ) 


For the turbojet engine selected for this investigation at rated 
engine speed and design -point pressure recovery. 


and, in percentage. 
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Effect of engine speed on diffuser-exit pressure . - The gain term 
that relates the change in diffuser-exit pressure for a change in en- 

I 

gine speed is taken as ^1 , where a speed change is assumed to occur 

as the result of a change in^ fuel flow while the bleed area (bypass-door 

SPi 

area) is maintained constant. The partial ^1 is obtained as follows 

l^b 
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At a given flight Mach number., and altitude, and assuming supercrit- 
ical operation, a steady-state change in engine air flow is accompanied 
by an equal (and opposite) steady-state change in air flow through the 
diffuser bypass door. For an incremental change in engine air flow, 
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S W„ 


dw_ 

and w\ 


The partials ^r- 
gine air-flow curves as indicated in sketch (b): 
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may be taken from the steady-state en- 
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- Inasmuch as Pq and 9 are constant (constant flight Mach number and 
altitude), then at constant N, 
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From data for the engine selected, at 50,000 feet, a flight Mach 
number of 1.8, rated engine speed, and design-point recovery, 
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Calculation of -jj - / “ and P/ IT at different flight conditions in- 
dicates that there are only negligible changes in the interaction effects 
for a wide range of flight conditions. 


Final form of simulated supersonic turbojet engine . - The. final 
form of the simulated supersonic turbojet engine is shown in figure 6. 
This s imul ation consists of the turbojet engine and control of figure 2, 
cascaded with the diffuser and control of figure 5, and includes the 
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interaction effects of engine speed on diffuser pressure and of diffuser 
pressure on engine speed. As indicated previously, it was assumed that 
the response of control- tap pressure to a change in bypass-door position 
(or engine speed) was a lag, cascaded with the dead time required for 
the change in pressure at the diffuser exit to move upstream to the 
shock-position control tap. On the other hand, it was assumed that the 
front of the engine was sufficiently close to the diffuser bypass door 
to result in a negligible dead time and that the change in pressure felt 
by the engine for a change in bypass -door position was therefore a func- 
tion only of the diffuser lag. 


RESULTS OF ANALOG STUDY 

For step inputs at the pressure-setting and speed-setting control 
points, the effects of the natural frequency of the servomotor and 
bypass-door combination (response), of diffuser dead time and diffuser 
lag, and of engine time constant on the responses of the system were 
investigated. 


Interaction Effects 

Figure 7(a) shows the response of engine speed error and diffuser 
pressure error for a step disturbance in pressure setting. The error 
measurements were used because they were convenient to obtain, and they 
actually represent the negative values of the changes in engine speed 
and diffuser pressure immediately following the step. (The error is 
the difference between the set value and the actual value of the 
variable . ) 

Because the gain terms used in the analog simulation were set up 
in terms of percentages, equivalent percentage changes in the variables 
would be expected to reflect equal deviations of the variables shown in 
figure 7(a) . However, it is to be noted that the pressure trace shown 
does not take into account the fact that the change in total pressure at 
the diffuser exit has not been transposed into a subsequent change in 
static pressure at the shock-position pressure tap. Inasmuch as this 
transposition (or gain of control -tap static pressure with respect to 
a change in diffuser-exit total pressure) could vary widely for different 
diffusers, no attempt was made to convert diffuser total pressure to a 
static pressure at the shock-position pressure tap. Therefore, the pres- 
sure error shown in figure 7(a) is an error In diffuser-exit total pres- 
sure. The error is significant in that it reflects the variable to 
which the engine speed responds and it is a figure of merit with respect 
to diffuser performance . 



NACA RM E56E09a 


11 


If the initial disturbance in diffuser-exit total pressure indi- 
cated in figure 7(a) is assumed as a 100-percent change in pressure, it 
can be seen that the resultant change in controlled engine speed is 
probably only on the order of about 2 percent. Therefore, figure 7(a) 
indicates that a pressure disturbance in the diffuser has a negligible 
effect on engine speed. 

The settings used for the data of figure 7(a) were more or less 
arbitrary, except that they were such as to result in a reasonable re- 
sponse of the diffuser and engine separately, when these loops were 
isolated from interaction effects. 

The responses of engine speed error and diffuser-exit total- 
pressure error to a step disturbance in speed setting are shown in fig- 
ure 7(b) for the same dynamic and gain settings as in figure 7(a). 
Figure 7(b) shows that a given percentage disturbance in engine speed 
for the control settings used results in an even larger percentage dis- 
turbance in diffuser-exit total pressure. Variation of the diffuser 
response with other settings is discussed in subsequent sections. 


Effect of Servomotor Response and Diffuser Dead Time 
on Controlled Diffuser Response Time 

With an engine time constant of 3.7 seconds and an engine loop gain 
of 8, step disturbances in pressure settings were made for various ser- 
vomotor time constants and diffuser dead times. The exceedingly long 
engine time constant was assumed in order to accentuate any effects the 
engine might have on the diffuser response. In each case the loop gain 
of the controlled diffuser was adjusted so that the pressure response 
was underdamped and the first overshoot was maintained constant at 5 
percent of the original disturbance. A nondimens ional plot of these 
data is shown in figure 8, where response time is the time required for 
the diffuser pressure to first arrive at the new desired pressure set- 
ting (before the overshoot). Figure 9 shows the same data in a form in 
which the effects of dead time and servomotor response on response time 
can be evaluated separately. Figures 8 and 9 indicate the extent to 
which controlled diffuser response time is increased for increased val- 
ues of diffuser dead time (and diffuser lag) and for slower values of 
servomotor response. 


Effect of Controlled Engine on Controlled Diffuser Response 

With the controlled engine removed from the system, the procedure 
for the data of figure 8 was repeated. It was found that the diffuser 
response was essentially unchanged. In other words, the controlled 
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diffuser response characteristics were a function only of diffuser and 
diffuser control dynamics and were unaffected by the controlled engine. 
Figure 10 shows a typical response of the diffuser to a step disturbance 
in pressure setting with the controlled engine included in the system, 
and superimposed upon this response is the response to the same disturb- 
ance but without the engine. The superimposed responses are virtually 
identical. 

The fact that the engine does not affect the diffuser response 
characteristics is attributable to three factors: (l) The gain term 

corresponding to the effect of diffuser-exit total pressure on engine 
speed is small} (2) a change in diffuser-exit total pressure represents 
a lagged input to the engine because of the diffuser lag; and (3) the 
engine, when controlled at a loop gain of 5 to 8, is fast enough to 
correct for the effect of diffuser pressure on engine speed before any 
appreciable changes in speed can occur. 


Effect of Engine Time Constant, Servomotor Response, and Diffuser 
Dead Time on Ability of Diffuser Control to Correct 
for Engine Speed Setting Disturbance 

The effect of step disturbances in engine speed setting on the re- 
sulting initial pressure error in the diffuser was investigated for 
various settings of engine time constant, servomotor response, and dif- 
fuser dynamics. The loop gain of the engine was maintained constant at 
8, and the loop gain (or control ^.in) of the diffuser was varied so as 
to result in the minimum possible initial pressure error in the diffuser 
This phase of. the investigation, therefore, is indicative of the ability 
of the diffuser control to correct for engine speed disturbances . It 
assumes importance because large initial pressure disturbances, which 
might result from engine speed disturbances, could result in regurgita- 
tion of the shock and inlet buzz for a decrease in engine speed (in- 
creased diffuser-exit pressure) . On the other hand, an acceleration of 
the engine would lower the diffuser-exit pressure and thereby bring the 
engine compressor closer to its stall limit . 

The response of the diffuser pressure to step disturbances in speed 
setting is illustrated in figure 11. The set of curves on the bottom 
represents the error without control and the minimum error atta inab le 
with control. The set of curves at the top is similar, but a lower dif- 
fuser control gain was used to result in a more damped response and, 
therefore, a more practical system for actual control. 
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Data giving the results of this investigation are shown riohdimen- 
sionally in figure 12. The error-ratio ordinate represents the ratio 
of the initial pressure disturbance obtained with diffuser control, as 
compared with the pressure disturbance that would result without dif- 
fuser control. The bottom curve of figure 12 indicates that, for no 
diffuser dynamics, the pressure error can be reduced to less than 1 per- 
cent for a servomotor control with a natural frequency of 70 radians per 
second (t = 1 sec). The second curve from the bottom shows the effect 
of diffuser lag alone, and the top group of curves shows the effect of 
diffuser dead time cascaded with diffuser lag (the dead time and lag 
time constant are equal to each other for each curve of this group). 


As would be expected, the pressure error is less for faster servo- 
motor response, increasing engine time constant, and decreasing diffuser 
dead time and lag. The effect of dead time on the ability of the dif- 
fuser control to reduce the error is greater than the effect of diffuser 
lag. (At = 100, the addition of a 0.03 lag to the zero diffuser 

dynamics curve increased the error by a 7 -percent increment; whereas the 
further addition of a dead time of 0.03 further increased the error by 
a 23-percent increment . ) 


It should be noted that the effect of engine time constant on the 
controlled diffuser response, as indicated by figure 12, does not imply 
a contradiction to the conclusion that the controlled diffuser response 
characteristics are independent of the engine. The source of disturb- 
ance for the data of figure 12 was a step change in speed setting; the 
resultant speed change was a function of controlled engine dynamics, and 
this speed c hang e represented the disturbance to which the diffuser re- 
sponded. Therefore, changes in diffuser response for variations in en- 
gine time constant were actually the result of variations in input dis- 
turbances to the diffuser rather than the result of any change in dif- 
fuser response characteristics . 


Although data of figure 12 were obtained for an engine loop gain 
of 8, correlation with other loop gains can be obtained by treating a 
change in loop gain as an equivalent change in engine time constant . 
This relation between loop gain and equivalent engine time constant is 
obtained from the closed-loop transfer function of the controlled 
engine: 



►Output 


Sketch (c) 
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Input “ , G ~ 1 + G + x^s 

1 + T e s 
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1 + G 
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1 + G 
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v 0 

Therefore, equivalent time constant = — ~ . The control is considered 

as only proportional, rather than proportional -plus-integral, because 
the integral does not contribute to the initial response with which fig- 
ure 12 is concerned. 


For a loop gain of 8 and an engine time constant of 1, the equiva- 
lent time constant is - — —? = 0.11. Therefore, the abscissa scale 
co n T e would be evaluated at (fld n )(0.1l), and the parameters e and 

T^/c e would be evaluated at t^/ 0 . 11 and x^/o.ll. 


Loop Gains at Stability Limit 

The data of figure 12 were obtained by setting the diffuser loop 
gains to the highest possible loop gains consistent with stable opera- 
tion. These values of loop gain, therefore, represent the loop gains 
of the controlled diffuser at the stability limit. A plot of the con- 
trolled diffuser loop gains at instability, as a function of the product 
of the servomotor natural frequency and the diffuser dead time, is shown 
in figure 13. The curve of figure 13, and therefore the loop gains at 
diffuser instability, was unaffected by the engine response. 


SUMMARY OF RESULTS 

In order to investigate supersonic diffuser control response re- 
quirements, a supersonic turbojet engine with a shock-position control 
operating on a variable diffuser bypass and a speed - fuel-flow control 
on the engine was simulated on an electronic analog computer. Diffuser 
operation was assumed to be supercritical at all times. Interaction 
gain terms relating the diffuser and engine were derived from air-flow 
and fuel-flow characteristics of a selected turbojet engine. 

The investigation indicated that a pressure disturbance in the dif- 
fuser had only a negligible effect on engine speed, whereas a disturb- 
ance in engine speed had a large effect on diffuser pressure and could 
therefore impose severe requirements on the diffuser control response. 
The controlled diffuser response to a pressure disturbance appeared to 
be essentially a function only of the diffuser control and diffuser dy- 
namics because of the small effect of diffuser pressure on engine speed 
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and the fast response of the controlled engine (assuming controlled en- 
gine loop gains of 5 to 8). 

The ability of the diffuser control to attenuate a pressure disturb- 
ance that would originate from a change in engine speed setting improved 
with faster servomotor response, lower diffuser dead time and lag, and 
slower engine response. The effect of diffuser dead time was found to 
be greater than the effect of diffuser lag on the controlled diffuser 
response. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, May 21, 1956 
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Figure 4 . - Response of simulated diffuser dead time and lag to a step input . 
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Figure 9. - Effect of diffuser dynamics and servomotor response on diffuser rise 
time . 
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Figure 10. - Comparison of controlled diffuser response with and 
without engine. 
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Figure 11. - Response of controlled diffuser for disturbance in 
engine speed setting. 
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Figure 13. - Loop gain at instability as a function of servo- 
motor natural frequency and diffuser dead time. Diffuser 
lag time constant equal to dead time. 
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